The phase constitution of Lay-xSrxMnOg perovskite materials with Osxs0.4 and 0.8sysl prepared by wet chemical techniques has been determined. Single phase La-deficient materials have been obtained a t y=0.95 and x>0.1 as well as for y20.8 and xs0.1. The observed variation of the lattice parameters leads t o shrinking unit cell volume with Sr-content and with La-deficiency. Small polaron conduction has been observed for x<0.2, while for ~2 0 . 2 metallic-like behaviour is observed for La-deficient materials. The electrical conductivity of Sr-free materials a t 950 OC approaches 100 S/cm. The activation energy for conduction changes strongly with sintering temperature and composition of the specimen.
INTRODUCTION.
The (La,SrfMn03-perovskite materials are most promising candidates for t h e air electrode of the Solid Oxide Fuel Cell (SOFC), as they exhibit adequate thermal stability and electrical conductivity (1) . However, stoichiometric (La,Sr)Mn03 perovskites react readily a t T?1000 OC with the zirconia-based electrolyte of SOFC forming La2Zr207 and/or SrZrO3 (2,Q). These reaction products possess very low electrical conductivity (4) and might cause a severe performance degradation of a SOFC system. Therefore, a substantial impovement of the chemical compatibility between (La,Sr)MnO3 and zirconia is necessary for efficient long term operation of SOFC. One possibility for obtaining materials with adequate chemical compatibility might be offered by compositional modification of (La,Sr)Mn03 and, in fact, Ladeficient perovskites show enhanced chemical inertness in reaction t o yttria-stabilised zirconia, as has been recently demonstrated by systematic reactivity investigations (3) . The present work reports on the synthesis, the phase constitution as well as on the structural and electricaI properties of ABOQ perovskite materials a t various deficiencies in A-cation and/or Sr-substitution degrees.
EXPERIMENTAL PROCEDURES.
The perovskite powders have been prepared using nitrate salt solutions of desired cation content which were converted a t 160-180 "C into fine powdered salt mixtures of high homogeneity using spray-drying or by the hot petroleum extraction technique (HPE). The dried salt mixtures were washed thoroughly before calcination with CCl4 using a soxlet apparatus to reduce residual adhered hydrocarbons. A complete characterisation of the dried products by XRD, TGIDTA and SEM techniques has been untertaken all the way through calcination. The formation of perovskite phase during calcination in air occured a t above 500 "C and was completed a t 900 "C. The powders consisted of spherical grains with an average diameter of 5,um and hollow spherical shells and had a BET-specific surface area of about 5 r n '~~. The cation and the impurity content of the powders after calcination has been determined by chemical analysis using ICP-AES. The observed deviations from the intended composition were within t h e precision of the ICP-AES results, indicating t h e reliability of the used preparation methods. The major impurity of t h e HPE powders was carbon with 50.5%; spray-dried powders had a total impurity content of 800 ppm. Investigations on phase formation, phase constitution and determination of t h e lattice parameters were performed by X-ray powder diffraction analysis with a SIEMENS D5000 apparatus using Cu Ka radiation. Initial investigations were performed with calcinated powders; for determination of the lattice parameters cold pressed pellets were used after annealing for 20 h a t 1200 "C in air and quenching in water.
The electrical conductivity was measured between 25 and 950 "C in air using the standard four point DC-technique. Rectangular bars of 2 0 x 5~4 mm3 were cold pressed for this purpose and densified in air for 20 h a t 1000-1500 "C. Same specimens were used for microstructural examinations and characterisation of the sintering behaviour of t h e materials. The electrical contacts on the specimens were facilitated by a Ag or P t paste and thin Ag wires.
RESULTS AND DISCUSSION.
3.1 Phase constitution and crystal structure. The (La,Sr)Mn03-perovskite materials crystallize with othorhombic or hexagonal symmetry depending on oxygen content, which is influenced by the preparation and calcination conditions. The orthorhombic unit cell symmetry was found for xs0.1 for HPE powders; in the same composition range spray-dried powders crystallised with hexagonal symmetry. For xrO.1 all materials crystallised with hexagonal symmetry, irrespective of preparation technique. The lattice parameters of the stoichiometric Lal-,SrxMn03 materials a r e in good agreement with the literature (8) . The unit cell volume calculated thereof is shown in Fig.2 , for both, the stoichiometric and the single phase La-deficient materials. The unit cell volume of the La-deficient perovskites decreases in the same manner with increasing Sr-content as for stoichiometric materials, see Fig.2 . It is therefore reasonable t o attribute this decrease to the smaller ionic radius of ~n~+ (81, whose concentration can be assumed to increase with increasing Sr-content in the specimen. The unit cell volume of the Sr-free compositions, s e e Fig.2 , also decreases with increasing La-deficiency, approaching to a limiting value reached a t ys0.9 . Combining both observations i t might be concluded that the small systematic difference between the unit cell volumes of stoichiometric and La-deficient materials is caused by the La deficieny itself and might be related to the existence of vacancies on the A-site of the perovskite lattice (9).
Electrical conductivity.
No irreversible effects (7) have been observed in the electrical conductivity measurements which have a reproducibility of 10% within the whole composition and temperature range investigated. The data can be described according t o a small polaron hopping mechanism. Thus, the conductivity, o, which is mainly electronic (lo), follows the expression a T = A exp(-Ea/kBT) (1) where T is the absolute temperature, kg the Boltzmann konstant and the preexponential factor A includes parameters like the number density, the jump distance and the fraction of sites occupied by charge carriers. Plots of ln(aT) vs 1/T give straight lines allowing the determination of the activation energy, Ea, and the preexponential factor A, which is assumed to be temperature independent. Well comparable sets of electrical conductivity data have been obtained with specimens prepared from HPE and spray-dried powders. The following discussion will however be concerned with the results obtained by the HPE materials in order to exclude microstructural influences.
I. Sr-free suecimen: Electrical conductivities between 1 and 15 S/cm were obtained for the undoped Ladeficient materials a t 25 "C, with the best values corresponding t o the specimen sintered a t 1000-1200 "C and for ys0.9. The observed values exceed greatly data (11) reported for LaMn03 a t various oxygen contents; they indicate a significant oxygen excess in the specimens. The dependence of In(oT) vs 1/T follows straight lines for all specimens, showing a gradual deviation from linearity above 600 "C to lower conductivity values. This deviation becomes more pronounced for specimens of higher porosity. In addition, a reversible jump in the electrical conductivity has been observed a t above 450 "C, which can be clearly distinguished from the above deviation and should be related to a structural transtition in these materials. The electrical conductivity a t 950 "C ranges between 90-110 S/cm with the higher values obtained for La-deficient perovskites. Such high conductivities are adequate for application of these materials as air electrode of SOFC (12), and therefore, might put into question the necessity of the usually employed doping with Sr for improving the electrical conductivity of these materials. The activation energies determined by fitting the linear part of the In(oT) vs 1/T plots change with La-deficiency. For certain La-deficiency a strong smooth increase with sintering temperature has been observed. For example, for La0.95Mn03, the activation energy lies between 0.15 and 0.30 eV for specimens sintered a t 1000 "C and 1400 "C, respectively.
11. Sr-containing specimen. Several uerovskite materials with uartial substitution of Sr for La exhibited small polaron conduction regardless of La deficiency. By changing the composition, the electrical conductivity increases with Sr-content and its magnitude is apparently However, for several La-deficient materials with Sr-content xt0.2, the predominancy of semiconducting behaviour breakes gradually down and the temperature dependence of the electrical conductivity resembles metallic behaviour as shown in Fig.3 for La0.55Sro.4Mn03. Perovskites with metallic-like conductivity behaviour exhibit the best conductivity approaching 250-300 Slcm a t 950 OC, see Fig.3 . Below 200 "C the electrical conductivity of these materials increases stronlgy reaching 1000 Slcm a t 25 "C and 5000 Slcm a t liquid nitrogen temperature. Metallic-like conductivity has been observed for xt0.4 in stoichiometric Lal-xSrxMn03 compositions. In La-deficient materials, the transition from the semiconducting t o the metallic behaviour shifts to lower Sr-contents, i.e. up t o x=0.2, indicating a remarkable sensitivity on La-deficiency. As depicted in Fig.5 not only the composition but also the sintering conditions play an important role. Apparently, the defect configuration affecting the transition in the conductivity behaviour is aided by vacant La sites (and the concomitant distortion of the perovskite lattice) and by oxygen content as well. Fig.4 shows plots of ln(uT) vs inverse temperature for semiconducting Lao.g5Sr0.1Mn03 specimens after sintering at 1000-1300 "C. The main features depicted by Fig.4 are the change of the activation energy with sintering temperature and the deviation of the data from linearity a t high temperatures. Both these features have been observed for all semiconducting compositions investigated and should be related to changes of the oxygen content in the specimens. Particularly for the deviation of the electrical conductivity from linearity a decrease of the oxygen content of the specimens during the m e a s u r e m e n t~i g h t be responsible. In this case a composition dependent amount of oxygen (and Mn +) in excess of that caused by Srdoping has to be assumed. Further, a fast diffusion of oxygen is necessary for a reasonable interpretation of these effects. The activation energy for perovskites with 0<xs0.1 increases with the temperature used for sintering of the specimen. This may be caused by rele s e of oxygen during sintering and the corresponding reduction of the amount of Mn" as specimens are subjected t o sintering a t increasingly higher temperatures. In contrast to that, the activation energy of metallic-like specimens, i.e. for ~20.2, shows different behaviour. It first decreases smoothly with increasing sintering temperature of the specimen as shown in Fig.5 for several compositions and then remains approximately constant. The lowest values obtained agree with data reported (6,7) for neighboring compositions. 
CONCLUSIONS.
La-deficient materials of the formula Lay-xSrxMnO~ are single phase perovskites for y=0.95 and 0~~~0 . 4 , showing similar crystal structure as stoichiometric compounds. These materials are semiconductors a t low Sr-content and exhibit metallic-like conduction for x20.2 and y < l . The activation energy has been observed t o depend on the composition and to be greatly influenced by the thermal history of the specimens. This observation indicates the importance of oxygen content for the electrical behaviour of this type of materials.
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